We address the problem of applying reactive navigation methods for collision avoidance to systems where the dynamics cannot be neglected: mobile robots with slow dynamic capabilities, or systems working at high speeds. Rather than embedding the motion wnstmints when designing a navigation method, we propose to introduce the robot dynamic constmints dimtly into the spatial representation. In this space the dynamic capabilities of the robot are implicitly represented. With minor modifications, standard reactive navigation methods can be used in this space implicitly taking into account the robot dynamic wnstmints. To validate this framework, we show experimental results wing two mctive navigation methods whose original formulation do not take the robot dynamic constraints into account (the Nearness Diagmm Navigation and the Potential Field method).
Introduction
This paper addresses the problem of reactive collision avoidance for systems where the dynamics cannot be ignored. Even thought the majority of robots exhibit dynamic constraints, most of the reactive navigation methods do not take the dynamic constraints into account. Then, these methods are susceptible to failure when the vehicle dynamics take an important role: (1) Systems working at high speeds, or (2) The dynamic constraints have been mainly addressed in sensor-based motion planning from two different points of view: (1) some researches deal with the problem of the dynamics by modeling the system behavior. Some of them directly model the system [7] , [SI, [9] . Others identify the system model by the 'The research described in this paper WBS partially sup ported by the Spanish ClCYT project DPI200&1272.
responses to motion commands (inputs) 1101, [ll] . Once the model is available, the system responses are also known and are used to apply reactive navigation strategies. (2) Some authors explain the system response with a model of constrained inputs. Some of them translate the reactive navigation problem to the motion command space, and solve it as a constrained optimization [lZ] , 1131, 1141. Others calculate dynamic admissible trajectories to obtain the motion commands later on 1151, [lS].
The main contribution of this work is a solution to incorporate dynamics into reactive collision avoidance methods. We propose to use the dynamic constraints to build a new spatial representation -EgoDynamic Space -where the dynamic constraints are implicitly represented. Then, with minor modifications, off-the-shelf reactive navigation methods that do not take the dynamic constraints into account can be applied to this space. The motion commands calculated implicitly take the specific robot dynamics into account assuring feasible motion execution. To demonstrate and validate the usefulness of this framework, we have extended and experimentally tested two reactive collision avoidance approaches that do not address the dynamic constraints into their formulation -the Potential Field method [l] and the Nearness Diagram Navigation [SI.
Preliminaries on Reactive Navigation
To achieve the goals of this paper, we turn to a discussion about the vehicle case of study, the reactive methods, the motion commands, and the role of the dynamic constraints.
Vehicle case of study
We focus OUT attention on a circular and holonomic robot. The workspace W is E l ' and the configuration space for this robot C is lRz (ignoring the robot orientation). Let be v = (v,,v,) the motion command (expressed in the robot's reference system). 
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The Reactive Navigation Problem
The reactive navigation methods compute at each sample period a collision-free motion command that drives the robot towards a goal location. These techniques have been demonstrated to work well in unknown, dynamic, and non-predictable environments.
The spaces where wually the reactive navigation methods apply are the workspace W , e.g. resented. We then analyze both spaces, W and C, to achieve the maximum generality.
Motion Commands
Based on a perception-action process, the reactive navigation methods calculate at each instant the "best" motion command To avoid collisions whilst moving the robot towards a given goal location. Let us classify the types of motion commands as follows:
Emergency Stop: this command is a policy to stop the robot applying the maximum deceleration of the system. Collision-&e commands: the execution of these motion commands is free of collisions during the next sample time T .
Secure commands: these motion commands as- 
Dynamic interval:
The controller is designed to reach as soon as possible the steady state of a reference command, vf. First, the maximum acceleration of the system, ab, is applied to reach the reference velocity. Subsequently the steady state is maintained, see The first constraint fixes the maximum distance that the robot travels when the Emergency Stop is launched. The second constraint establishes the set of dynamic feasible motion commands that can be selected. We next present the design of the spatial transformation to embed the deceleration capabilities of the system into the spatial representation. 
The EgeDynamic Space
The idea is to build a spatial representation where the distances to the obstacles are transformed into distances that depend on the robot deceleration constraint, and on the sampling time. In this spaceEgo-Dynamic Space -the first dynamic constraint presented in Subsection 2.4 will be represented. Let us start by studying the problem in onedimension, see Fig. 2a . Let be dob. the real (mea. sured) distance from the robot to an obstacle. Let be d,ff the effective distance: the maximum distance that the robot can travel at a constant velocity during the period T, allowing later the Emergency stop (applying the maximum deceleration ab) for stopping the robot safely before hitting the obstacle. Then:
where we obtain der!, and thus the Ego-Dynamic Tnmsfonnataon (EDT): In reactive navigation sometimes the deceleration effects are ignored, it is assumed infinite deceleration capabilities. This is fully represented by Equation (1): when ab -+ 03, de!! tends to be the real (measured) distance dohs used by these methods.
This framework extends for two dimensions with generality. As the braking trajectory is not a straight line (parabola) we identify the error with respect to the one-dimensional case. Deeper details are out of the scope of the paper, but let us remark that the er- ror can be depreciated in the context of reactive navigation: obstacle distances dob. < 3m, sample periods T < 0.5sec, and system accelerations ab i 1.0%.
In this case the upper bound is around O.lm. We will refer to this spatial representation as the In both cases, the SW holds the locations or configurations that can or cannot be attained without collisions, with the execution of a single motion command within the dynamic interval.
Once a collision-free position xp = (xp, yp) within the Spatial Window is calculated, a Collision-fie command is given by v = (%, F). The main interest of the Spatial Window is that the motion command v is dynamic feasible by the system because is within the admissible dynamic interval, assuring feasible motion execution.
The objective of this work is to fully take into account the dynamics into the motion generation layer. Moreover, the motion commands calculated have to be Secuw commands as presented in the previous Sections. In the next Section we show how to combine both the Ego-Dynamic Space and the Spatial Window to fulfill both requirements.
Combining the SW and the ED-space
The goal of this Section is to unify in a framework At each sampling time T the procedure is:
1. The obstacle information is reduced to points expressed in the robot frame of reference. To transform the workspace, W , the EDT is directly applied to the obstacle points. Otherwise, to transform the configuration space, C , we first build the C-Obstacle region, to apply the EDT.
In both cases the result is the obstacle information expressed in the ED-space.
2. The SW is applied in the ED-space. The locations that cannot be attained due to the obstacle distribution are labeled as not-collision-free in the SW, following the procedure presented in Section 4.
3. Any strategy to select one collision-free location, xp, within the SW is valid. Then a motion command is directly calculated by v = (3,F). In the next Section we will present how to use r e active navigation methods to achieve this goal.
We next show two examples that highlight the relevance of this framework In this framework it is possible that all locations would not be collision-free in the SW. Then, the Emergency Stop is launched to safely stop the robot. Then the motion is resumed. The main interests of the framework are:
1. The motion commands calculated are feasible for the specific system dynamics. They are within the dynamic interval vnext
This follows from the fact of using the SW.
2.
The motion commands are Secure commands, because they are calculated from locations in the ED-space. The motion commands are Collision&e in execution during the sampling time T , while giving the guaranty for stopping the robot safely in the next time if it is required.
The next Section presents the strategy that we use -the reactive navigation methods -to calculate the desired location within the SW, that implicitly fix the motion command.
Reactive Navigation with Dynamic Constraints
The framework presented in the previous Section opens the problem of selecting one location within the SW, that implicitly fixes a Secure command. This Section presents a solution based on reactive methods to select locations within the SW. Let us stress that any strategy to choose one collision-free location within the SW solves the problem. [13] , [14] , and [12] solve a similar problem by a constrained optimization that balances the goal 1-cation, the forward progress, and the obstacle clearance. Similar strategies could be used.
Our solution is based on the use of off-the-self reactive navigation methods in the ED-space to select a collision-free location within the SW. The main motivations to choose these techniques are: In all the experiments the environment was unknown, unstructured, and could be dynamic. Only the goal location was available in advance. Under these circumstances the use of reactive navigation methods to move the robot is justified.
Nearness Diagram Navigation
The Nearness Diagram Navigation. (ND) [SI is a reactive navigation method that does not take into axcount the dynamic constraints in its formulation.
We tested the framework with the ND on the real platform. Fig. 7a shows the result of one of our runs. The robot successfully reached the goal location while it avoided collisions with the environment. Fig. 7b ,c depict the behavior of the system during the experiment: the motion commands reference calculated by the framework (vz and vv), and the real ones executed by the robot (for better appreciation only a fraction of the experiment is shown).
Potential Field Method
The Potential Field Methods (PFM) [I] can be used as reactive navigation methods, but they do not take the dynamic constraints into account. The velocity profiles of both experiments illustrate how the computed motion commands are feasible by the platform. Thus the robot executes paths that closely match with the computed ones. Moreover, the computed motion commands are Secure commands: (1) they are Collision-& during the execution time, and (2) they give the guarantee for s t o p ping the robot safely subsequently with an Emergency Stop policy. We achieve these goals by addressing the system dynamics.
Conclusions
We address the problem of applying reactive navigation methods to systems where the dynamic constraints cannot be neglected. We have presented a general framework to take into account the dynamics of the systems into the reactive navigation layer. Moreover, we have presented experimentation with two reactive methods that originally do not take into account dynamics. The Nearness Diagram Nauigation and the Potential Field methods
The research presented here assumes that the reactive motion is generated for a circular and holonomic robot. The future work will follow the direction of extending the presented research for systems with non-circular shapes and with kinematic constraints.
